The neurocognitive and behavioral profile of individuals with 47,XYY is increasingly documented; however, very little is known about the effect of a supernumerary Y-chromosome on brain development. Establishing the neural phenotype associated with 47,XYY may prove valuable in clarifying the role of Y-chromosome gene dosage effects, a potential factor in several neuropsychiatric disorders that show a prevalence bias towards males, including autism spectrum disorders. Here, we investigated brain structure in 10 young boys with 47,XYY and 10 agematched healthy controls by combining voxel-based morphometry (VBM) and surface-based morphometry (SBM). VBM results show the existence of altered grey matter volume in the insular and parietal regions of 47,XYY relative to controls, changes that were paralleled by extensive modifications in white matter bilaterally in the frontal and superior parietal lobes. SBM analyses corroborated these findings and revealed the presence of abnormal surface area and cortical thinning in regions with abnormal grey matter and white matter volumes. Overall, these preliminary results demonstrate a significant impact of a supernumerary Y-chromosome on brain development, provide a neural basis for the motor, speech, and behavior regulation difficulties associated with 47,XYY, and may relate to sexual dimorphism in these areas.
INTRODUCTION
XYY syndrome (47,XYY) is a relatively common sex aneuploidy, occurring in approximately 1 of 1000 live male births (Morris et al., 2008) , but remains largely underdiagnosed (Stochholm et al., 2010) . Indeed, the condition is not associated with a clearly discernible physical phenotype, although individuals with 47,XYY present with increased growth velocity (Ratcliffe et al., 1992) and adult stature (Ottesen et al., 2010) , as well as higher prevalence of neurological disorders (Higgins et al., 2007; Stochholm et al., 2010) . Boys with 47,XYY do not typically present marked intellectual impairments (Leggett et al., 2010) , but nonetheless display motor (Linden et al., 2002; Ratcliffe, 1999) , reading, and speech difficulties (Geerts et al., 2003; Ratcliffe, 1999) . Parents of children with 47,XYY also report the presence of significant behavioral problems in their children Ratcliff, 1999) , characterized by impulsivity and lack of self-control ; as well as a high prevalence of symptoms associated with autism spectrum disorders (ASD) and attention deficits (Cordeiro et al., 2012; Ross et al., 2012) .
While the neurocognitive and behavioral phenotype associated with XYY syndrome is increasingly documented, only two studies have used imaging modalities to investigate the impact of a supernumerary Y-chromosome on neuroanatomy. While the first study conducted by Warwick and colleagues (1999) did not reveal significant differences compared to control adult males, a more recent study reported increased total grey matter and white matter volume in 47,XYY (Bryant et al., 2012) . In this second study, multivoxel pattern analysis was used to establish that brain morphology of boys with 47,XYY was more similar to boys with Klinefelter syndrome (XXY) than to male controls (XY). While this is informative as to the overall effect of a supernumerary sex chromosome on brain morphology, a statistical analysis of sub-regional differences using a voxel-based morphometric approach is still lacking. Consequently, the precise effect of an extra Ychromosome on brain structure remains largely unknown. Documenting the neuromorphology associated with 47,XYY would be valuable, not only to understand the neural basis of the cognitive and behavioral difficulties associated with this condition, but more broadly to better understand the role of Y-chromosome gene dosage in neuropsychiatric disorders such as ASD showing a male-biased prevalence.
Here, we used voxel-based morphometry (VBM) in conjunction with surface based morphometry (SBM) and volumetric subcortical measurements to assess the impact of a supernumerary Y-chromosome on brain development in 10 young boys with 47,XYY and 10 age-and IQ-matched healthy controls. Combining VBM and SBM gives the advantage of delineating the relative contribution of cortical area and thickness to potential alterations in regional grey matter volume, while volumetric subcortical analysis gives a precise measure of defined subcortical structures. Considering the documented behavioral difficulties in individuals with 47,XYY and the increased risk for ASD in affected individuals, we hypothesized the existence of aberrant morphology in regions subserving inhibition, namely in the frontal lobe, as well as in circuits related to social cognition and motor and verbal abilities.
MATERIAL AND METHODS

Participants
Ten boys with 47,XYY (mean age 11.91 ±2.31; range 8-16) were recruited from the Thomas Jefferson University sex chromosome disorders clinic, the patient advocacy organization (KS&A), or were referred by other physicians. Genetic diagnoses of boys with 47,XYY were confirmed by a postnatal G-banded peripheral blood karyotype performed on a minimum of 20 cells. Ten healthy control male participants (XY; mean age 11.21 ±0.85; range 8-12) were recruited via public announcements and by referral from other families participating in research studies. Prior to enrollment in this study, all participants were screened with standard forms and interviews for contraindications for magnetic resonance imaging (MRI) as well as past medical history to ensure that there were no instances of neurological injury, psychiatric illness or disease (except for disorders often associated with XYY). Four participants in the 47,XYY group reported having a diagnosis of attention deficit hyperactivity disorder (ADHD). The sample used in the present study overlaps with previously published work Bryant et al., 2012) . The Institutional Review Boards at Thomas Jefferson University and Stanford University approved the study. Informed consent was obtained from all parents and verbal assent was obtained from all participants.
Cognitive and ASD-related Assessment
Participants were administered the Differential Ability Scales (DAS) for verbal, non-verbal, spatial, and conceptual abilities. Boys with 47,XYY were also administered the Autism Diagnostic Interview -Revised (ADI-R) and the Social Responsiveness Scale (SRS). Four of the ten boys with 47,XYY met the ADI-R cutoff for an autism spectrum disorder diagnosis, and seven of them had a SRS-Total T-score of 76 of higher, which is strongly associated with a diagnosis of ASD. The population characteristics are summarized in Table  1 .
MRI Data Acquisition
All MRI scanning was carried out at Thomas Jefferson University on a Philips 3.0T wholebody clinical MRI system (Achieva, Philips Medical Systems, Best, The Netherlands) equipped with a Quasar Dual high-performance gradient system capable of on-axis (x, y and z) peak gradient of 80 mT/m and 200 mT/m/ms slew rate, and an 8-channel SENSE (sensitivity encoding) head coil. Structural images were obtained using a conventional, highresolution three-dimensional (3D) T1-weighted fast-gradient echo sequence (repetition time [TR] = 25ms, echo time [TE] = 2.3ms, flip angle = 30°, 0.96×0.96×1mm voxels, 160 contiguous anterior commissure-posterior commissure [AC-PC]-aligned slices of 1.5 mm thickness, acquisition time = 6 minutes, 9 seconds).
Image processing: Voxel-based morphometry
Volumetric analysis of T1-weighted images was performed using Statistical Parametric Mapping software (SPM8; http://www.fil.ion.ucl.ac.uk/spm) in Matlab. After manual verification of alignment on the AC-PC axis, images were corrected for magnetic field inhomogeneity and were separated into GM, WM, and cerebrospinal fluid (CSF) image volumes based on a priori adult tissue probability maps (Ashburner and Friston, 2005) . Iterative weighting using Hidden Markov Random Fields was concurrently applied to encode spatial information based on constraints of neighboring voxels (Zhang et al., 2001 ). Inter-subject registration was then achieved via creation of a custom subject-based template, resampled to 1.5×1.5×1.5mm voxels, using the Diffeomorphic Anatomical Registration Through Exponentiated Lie Algebra (DARTEL) toolbox followed by warping into Montreal Neurological Institute (MNI) space. Jacobian-scaled (modulated) tissue classes were subsequently smoothed using a 8mm full-width at half-maximum (FWHM) Gaussian smoothing kernel.
Image processing: Surface-based morphometry and volumetric subcortical segmentation
Cortical reconstruction and volumetric segmentation was performed with the Freesurfer version 5.0 image analysis suite (http://surfer.nmr.mgh.harvard.edu/). The technical details of the procedures used are extensively described in prior publications (Dale et al., 1999; Fischl and Dale, 2000; Fischl et al., 2004) . This processing includes removal of non-brain tissue, segmentation of subcortical white matter and deep gray matter volumetric structures, tessellation of the gray matter-white matter boundary, and automated topology correction (Ségonne et al., 2007) . The gray-white and pial surfaces were visually inspected, and appropriate manual corrections were performed, where needed, as per the Freesurfer Tutorial (http://surfer.nmr.mgh.harvard.edu/fswiki/FsTutorial). All raters were trained to achieve inter-rater reliability of ≥0.95 (intraclass correlation coefficient) with gold-standard datasets developed in our laboratory for volumetric regions of interest. Once cortical models were complete, brain surfaces for each hemisphere were parcellated into 34 distinct regions based on gyral and sulcal structure (Fischl et al., 2004; Desikan et al., 2006) . Freesurfer calculates gray matter volume (GMV), surface area (SA) of the gray-white boundary, mean cortical thickness (CT), and white matter volume (WMV) for each parcellated region. The gray-white boundary parcellation is used to assign an anatomical label to underlying white matter voxels within 5mm of the cortical surface, allocating these voxels to the nearest cortical parcellation (Salat et al., 2009 ).
Statistical analysis
Differences in age, height/weight standard deviation scores, socioeconomic status and cognitive abilities were evaluated using one-way ANOVAs. Regarding VBM analysis, differences in total GMV and WMV between groups were evaluated using a two-sample ttest. Between-group voxel-based morphological differences of regional GM and WM in 47,XYY and control subjects were investigated by applying the general linear model (GLM) in SPM8. Accordingly, a voxel-wise two-sample t-test was performed while covarying for the effects total GMV and total WMV in their respective analyses. Statistical inference of significant clusters was then evaluated using the VBM5 toolbox (dbm.neuro.uni-jena.de/ vbm/) at a height of P < 0.01, spatial extent P < 0.05 (family wise error (FWE) corrected), while applying non-stationary cluster extent correction to account for non-uniform smoothness across the data (Hayasaka et al., 2004) . To more easily localize structural WMV changes, images of significant WMV clusters were resliced to 2×2×2mm voxels for compatibility with FSL white matter atlases to identify specific white matter tracts contained within the clusters.
For SBM and subcortical volumetric data, results of segmentation and parcellation processes were analyzed to compute the between-group effect for every regional GMV, WMV, SA, and CT characteristic, using total brain volume as covariates. Multiple comparisons were controlled using the False Discovery Rate (FDR; Benjamini and Hochberg, 2000) . These analyses included 84 regional GMVs (including 16 subcortical regions), 73 WMVs (including 5 corpus callosum regions), 68 SAs and 68 CTs. The FDR threshold was applied separately to the results for each type of analysis -GMV, WMV, SA and CT. The results were considered statistically significant if they passed the FDR threshold of q < 0.05 for multiple comparisons. In addition, we performed post hoc region-of-interest (ROI) analyses on Freesurfer-defined anatomical areas corresponding to brain regions where significant VBM results were obtained, as well as the striatum (putamen, pallidum, caudate), which is often found to be structurally abnormal in ASD (Nickl-Jockschat et al. 2011; Langen et al., 2009) .
RESULTS
Sample characteristics and whole brain measures
Groups did not differ significantly in age (p = 0.386), weight (p= 0.267), height (p = 0.087) or socioeconomic status (p = 0.716), but boys with 47,XYY obtained significantly lower scores on all cognitive measures of the Differential Ability Scales (all p ≤ 0.008). (Table 1) Whole brain VBM results revealed significant differences in total GMV (p = 0.013), WMV (p < 0.001), and total brain volume (p = 0.003), with 47,XYY exhibiting larger volumes than controls. SBM analysis showed a similar pattern of volumetric differences with 47,XYY exhibiting larger GMV, WMV, and total brain volume relative to controls, but these differences did not reach significance (all p ≥ 0.098). Significantly increased total surface area was noted in the 47,XYY group in comparison to controls (p = 0.026), whereas mean cortical thickness was similar in both groups (2.75 (Controls) vs 2.73 (XYY); p=0.650) ( Table 2) . Table 3 lists regions and structures for which significant differences (FWE-corrected) were observed in GM and WM volumes between 47,XYY and controls. Briefly, regional increases in GMV in 47,XYY were observed over the superior parietal regions bilaterally, extending from the postcentral gyri and encompassing part of the precuneus regions. In the right hemisphere, boys with 47,XYY also displayed increased GMV relative to controls in the superior portion of the occipital lobe and the cuneus. Conversely, decreased GMV in 47,XYY participants was observed in the right hemisphere, covering the insular cortex, the inferior frontal gyrus and the superior temporal cortex. GMV in the right putamen and lentiform nucleus was also decreased in 47,XYY in comparison to controls ( Figure 1A ). Regarding WMV, extensive reductions were observed bilaterally in the frontal lobes of boys with 47,XYY. These regions include the bilateral anterior thalamic radiation, uncinate fasciculus, inferior fronto-occipital fasciculus, cingulum, corticospinal tract and the body of the corpus callosum. In the right hemisphere, reductions in WMV were also present in the forceps minor and the superior longitudinal fasciculus of boys with 47,XYY. An increase in WMV was seen in the 47,XYY group in superior parietal cortex bilaterally ( Figure 1B ).
Regional VBM results
Regional SBM and subcortical results
SBM analyses did not reveal the presence of significant differences (FDR corrected) in cortical thickness or GMV. However, significant alterations in WMV and surface area were observed in boys with 47,XYY individuals, including increased WMV relative to controls in bilateral superior parietal regions, right pericalcarine region, and in the cuneus and postcentral regions of the left hemisphere. Boys with 47,XYY also presented with increased surface area in the insula, cuneus and superior parietal regions of the left hemisphere (Table 4, Figure 2 ).
Post hoc
ROI analyses based on SBM results using a less stringent threshold (p < 0.05) supported the existence of clinically meaningful differences between controls and participants with 47,XYY. Notably, boys with 47,XYY had a reduction in GMV in insular regions bilaterally, which was also accompanied by a reduction in surface area in the left hemisphere. Increased WMV was seen bilaterally in the postcentral and superior parietal regions in 47,XYY, and surface area was also significantly increased for these regions in the left hemisphere. WMV was larger in the left superior temporal and right lateral occipital regions. Cortical thinning was observed in the left superior parietal and lateral occipital regions, while increases in surface area were present bilaterally in lateral occipital regions in boys with 47,XYY. This group also presented larger pallidum in the right hemisphere in comparison to controls (Table 5) .
DISCUSSION
In this study, we quantify for the first time brain modifications associated with the presence of a supernumerary Y chromosome in children using complementary image processing strategies. VBM analyses showed that boys with 47,XYY had prominent differences from controls with lesser WM in the frontal region combined with an increase in GM in the right insula, whereas increased WM and reduced GM were observed in the superior parietal, postcentral and occipital regions. Whole brain SBM analysis largely corroborated these observations, while complementary post hoc ROI analyses further showed the existence of abnormal GMV, WMV, surface areas and cortical thickness in multiple brain regions of boys with 47,XYY.
Our regional results contrast sharply with the only previous imaging study using volumetric analyses of cortical and subcortical structures in 47,XYY, where no significant differences from healthy controls were found (Warwick et al., 1999) . Many factors may have contributed to this discrepancy. Most notably, the study by Warwick and colleagues was conducted in adults using manual tracing, which encompassed large cortical areas. Here, both VBM and SBM techniques were used on a homogenous cohort of boys with 47,XYY, revealing regional differences that might have been missed using manual tracing approaches. However, our observations of increased total GM and WM are in agreement with previous work using a subset of the present sample (Bryant et al., 2012) , and agree with observations of enlarged head circumference in individuals with 47,XYY (Geerts et al., 2003; Nicolson et al., 1998) . Interestingly, increased brain volume is one of the few consistent findings in ASD neuroimaging research (Courchesne, 2001; Freitag et al., 2009; Redcay and Courchesne, 2005) , and enlarged head circumference has been linked with delayed speech acquisition and higher ADI-R score in the ASD population (Lainhart et al., 2006) . Considering that both language difficulties and ASD are frequent in 47,XYY populations (Bishop et al., 2011; Ross et al., 2012) , it is possible that the enlarged brain volume associated with the presence of supernumerary Y chromosome constitutes a mediating risk factor for ASD symptoms and associated speech deficits. While we can only speculate as to the precise genetic basis of speech impairments in XYY, a likely genetic mechanism underlying these difficulties would be the overexpression of genes either in homologous regions on the X and Y chromosomes, or alternatively of male-specific genes exclusively located on the Y chromosome. In that regard, it is interesting to note that recent work has identified a potential candidate gene, protocadherin11, with copies on both sex chromosomes, which is linked to neural structures involved in language processing (Priddle et al., 2012) . Also, the Y gene neuroligin 4Y (NLGN4Y) is involved in synaptic function and is therefore a compelling XYY speech and language candidate (Bishop et al., 2011) . It is plausible that in XYY syndrome, overexpression of these genes in brain regions crucial for language acquisition could detrimentally impact speech acquisition and performance.
With regard to other sex chromosome aneuploidies, it is interesting to note that our findings are both highly similar to what is observed in individuals with Klinefelter syndrome (47,XXY), and strikingly dissimilar to VBM and SBM findings in Turner syndrome (45,XO). In fact, the structural changes seen in XYY are almost the exact opposite to what is observed in females with Turner syndrome. Indeed, boys with Klinefelter syndrome present a increase in bilateral GMV and left WMV in superior parietal regions, while simultaneously showing a extensive reduction of WMV in the frontal regions (Bryant et al., 2011) . Conversely, girls with Turner syndrome show bilateral reduction in GMV and WMV in parietal regions, combined with an increase of GMV in the insular cortex (Marzelli et al., 2011; Lepage et al., 2012) . These patterns of similarities and dissimilarities suggest a general dosage effect of a supernumerary sex chromosome on brain structure and development. Indeed, behavioral (Ross et al., 2009; 2012) and neuroimaging evidence (Bryant et al., 2012) point to similar patterns of abnormalities between 47,XYY and Klinefelter syndromes. It is plausible that these similarities come from shared gene-dosage abnormalities, as both X and Y chromosomes have identical genes in pseudoautosomal regions (Ross et al., 2009) . Nonetheless, males with XYY and XXY syndromes present some notable differences in cognitive abilities; 47,XYY are more severely impaired in the language domain and are at greater risk to develop ASD , while individuals with Klinefelter syndrome have more difficulties in visuospatial and motor functions (Ross et al., 2009 ). These differences are informative as to the precise impact of an extra X versus Y chromosome on the brain, but potential differences in brain anatomy still remain to be investigated through a direct comparison between these two disorders.
It is interesting to note that many differences between healthy male controls and boys with 47,XYY were found in brain regions critically involved in cognitive domains of known difficulties in 47,XYY. Of particular interest are VBM analyses indicating aberrant WM volumes in prefrontal-striatal areas (WM located between prefrontal cortex and striatum), as the striatum plays a role in language, executive and motor functions (Robbins, 2007) , which are often impaired in XYY (Ross et al., 2009 ). Furthermore, reduction in GM and WM volumes respectively seen in the insula and uncinate fasciculus could also be linked with expressive language difficulties present in 47,XYY, as the uncinate fasciculus is involved in naming (Papagno et al., 2011) , and the anterior insula is part of the articulatory network (Dronkers, 1996; Hickok, 2012) . Abnormal development of these white matter tracts, namely in the frontal regions, could also be associated with difficulties in behavior regulation and executive functions, similarly to what is seen in ADHD (Liston et al., 2011) . Finally, WM, GMV, surface area and cortical thickness abnormalities observed in the posterior parietal cortex could negatively impact attention, sensorimotor processing and integration of visual and auditory constructs (Arnsten & Rubia, 2012; Cohen et al., 2005; Iacoboni, 2006) . Taken together, it is possible that the cognitive profile resulting from these brain alterations could contribute to the increased risk for a diagnosis of autism spectrum disorder and the relatively decreased socioeconomic outcome (Stochholm et al., 2012) reported in the XYY population.
Limitations of the present study include the small sample size, which did not allow us to control for IQ or age, and did not permit investigation of brain-behavior correlations. Considering this and to reduce the probability of a type I error, we elected to adopt relatively stringent statistical criteria (FDR) for SBM results combined with specific ROI analyses. However, it is possible that this approach did not allow detection of subtle differences that were present in other cortical regions, as they did not reach the statistical significance threshold established by FDR. For these reasons, our results may be viewed as preliminary. Moreover, considering the fact that XYY syndrome is rarely diagnosed (Stochholm et al., 2010) , it is plausible that participants included in the present study might present a more severe phenotype than most individuals with the syndrome, possibly limiting the external validity of our results. To address these issues, future studies investigating the effects of a supernumerary chromosome on brain development and function should be performed with larger sample size. Ideally, these studies should directly compare individuals with XYY and Klinefelter syndrome in order to precisely delineate the relative contribution of genes located on the X and Y chromosomes on brain maturation and cognition in a context of sex chromosome trisomies.
CONCLUSION
Using both VBM and SBM, significant brain alterations are identifiable in young boys with XYY syndrome. Specifically, our results show extensive modifications in GMV in the insular and parietal regions and alterations in WMV in the frontal and superior parietal regions in children with XYY syndrome. Our analyses also reveal abnormal surface area and aberrant cortical thickness in some regions showing abnormal tissue volume. These findings lay the groundwork for further investigations of brain-behavior correlations, white matter connectivity, and delineating the contribution of genes located on the X and Y chromosomes to brain development and function during childhood. Regions showing significant differences at a whole brain level (FDR corrected) between groups regarding (A) white matter volume and (B) surface area. Cold colors show regions of reduced WMV/surface area in boys with XYY compared to controls (XY), while warm colors show regions of increased WMV/surface in XYY compared to controls. Color bar shows t value. Significant clusters for VBM analysis regarding grey and white matter volume differences between groups. Results of region of interest (ROI) analysis. 
